Thin films of amorphous alumina were fabricated using pulsed laser deposition. Topography, structural, and optical properties of alumina films were investigated depending on process parameters, specifically deposition time under vacuum and partial pressure of argon. Deposited films present good uniformity with RMS roughness ranging from 0.35 to 2.50 nm. Alumina films with thickness lower than 40 nm deposited under vacuum present a non-negligible void content that induces a decrease of the effective refractive index of the layers. Furthermore, introduction of argon gas (at 5×10 -4 and 5×10 -2 mbar) during the deposition process induces grainy structure of the thin films documented by an increase of RMS roughness from 0.35 to 1.5 nm. A decrease of the alumina layers' refractive index is observed in the 300-7500 nm spectral range when increasing Ar pressure.
Introduction
Alumina (Al 2 O 3 ) is a highly insulating ceramic material which can be found in the form of several different crystalline phases including a and g-Al 2 O 3 . Among them, corundum (α-Al 2 O 3 ) with rhombohedral structure is the most stable. The α-Al 2 O 3 single crystal, commonly used in optics and electronics, is also known as sapphire. Alumina can also be found in the amorphous state (a-Al 2 O 3 ). Al 2 O 3 exhibits many interesting features including high optical transparency, chemical, and mechanical stability even at the temperatures up to 1000 °C related to its high melting point, corrosion resistance, and high hardness [1] [2] [3] [4] [5] . Due to the mentioned properties, alumina finds a wide range of applications in the field of wear-resistant and corrosion protective coatings [6] , optoelectronics, catalysis, sensors, and tribology [7, 8] . In industry, chemical vapor deposition (CVD) processes are often applied for crystallized Al 2 O 3 coatings to diverse substrates including those with complex geometries. This method may have some drawback as related, for instance, to thermal expansion coefficients contrast between substrate and film deposited at high temperature, to a lesser extent in case of plasma enhanced CVD [9, 10] . On the other hand, physical vapor deposition techniques can be operated at significantly lower substrate temperatures compared to CVD and can be used especially for amorphous Al 2 O 3 coatings.
Amorphous Al 2 O 3 is considered as one of the potential materials for replacing SiO 2 in dielectric applications, since it exhibits higher bandgap and dielectric constant (9.9 vs. 9 eV and ~10 vs. 3.9, respectively) [11] [12] [13] . Various deposition techniques such as magnetron sputtering [1, 3, 4, 6, 8, [12] [13] [14] [15] [16] [17] [18] [19] , electron beam evaporation [20] [21] [22] , and pulsed laser deposition (PLD) [7, [23] [24] [25] can be used for the preparation of both crystalline and amorphous alumina thin films.
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PLD seems to be generally interesting due to its simplicity and stoichiometric transfer of target material towards the substrate in case of appropriate choice of ablation laser wavelength and absorbing target material. This technique also enables to deposit hard and dense films without additional substrate heating usually required in some other PVD techniques [26] . It is difficult to influence and control the growth of an Al 2 O 3 thin film on a substrate, especially at low temperature; thus, it is motivating to explore the effect of PLD process parameters on the morphology, topography and optical properties of very thin films.
The influence of background pressure on PLD films growth is mainly studied in case of oxygen and nitrogen gas devoted to oxide and nitride films while argon pressure effect is less studied. Yahiaoui et al. have already shown that the presence of oxygen in the deposition chamber changes the shape of plasma plume during the plasma creation in PLD process [5] .
Different plasma shape can influence the growth rate and the morphology of deposited films connected also with the changes in optical properties [24] [25] [26] . According to Gottmann et al., the decrease of refractive index, related to the creation of porous and columnar films of alumina and zirconia at oxygen pressure of about 0.2 mbar, can be observed [23] . Furthermore, the creation of grainy structure or nanorods at pressure below 0.1 mbar may occur for some other systems such as ZnO [27] . The formation of bilayers by changing the background pressure was reported in case of CeO 2 PLD films with 10-40 nm nanoparticles for pressure of ~0.2 mbar [28] . To our best knowledge, no experiments exploring the influence of argon atmosphere on the growth of amorphous alumina PLD films have been reported yet. Introduction of Ar pressure should lead to an increase of the particle collisions probability, affecting the shape of plasma plume, and thus could change the film growth mechanism.
5
The aim of this work was to produce amorphous alumina thin films by PLD (using vacuum or argon gas) and to characterize fabricated films with the final goal to integrate such layers into photonics heterostructures. Surface quality, structural, and optical properties of as-deposited alumina films were investigated depending on the PLD process parameters.
Experimental procedures
Commercial polycrystalline alumina target of 4N purity was ablated using KrF excimer laser Laser pulses were directed on the target at the repetition rate of 20 Hz. Silicon (100) and microscopic glasses (soda-lime float glass from Knittel, Braunschweig, Germany) were used as substrates for PLD; they were positioned parallel to the target surface at the target-to-substrate distance of 5 cm. To obtain films of suitable quality from the viewpoint of uniformity in thickness, off-axis PLD technique combining rotating substrates and targets was used. The processing gas in the chamber was argon at the pressure of 5×10 -4 or 5×10 -2 mbar. Roughness and optical properties of deposited films were compared with those deposited under vacuum (4.5×10 -6 mbar). All the depositions were performed at room temperature. We note that we do not expect significant changes of the substrate temperature during the depositions. 6 Optical properties and thicknesses of deposited alumina films were obtained from the analysis of variable spectroscopic ellipsometry (VASE) data measured using two ellipsometers: a rotating analyzer ellipsometer measuring in UV-Vis-NIR (300-2300 nm) and a rotating compensator ellipsometer working in mid-IR (~1.7-33 mm) (both J. A. Woollam Co., Inc., Lincoln, NE, USA).
The VASE measurements parameters are as follows: angles of incidence of 65°, 70° and 75°, resolution of UV-Vis-NIR ellipsometer of 20 nm, resolution of the mid-IR ellipsometer of 16 cm where the central energy of Gaussians was ~0.08 and ~0.04 eV, respectively [29] . Furthermore, Bruggeman effective medium approximation (BEMA) had to be employed for the determination of optical properties of layers with small thickness. This approximation assumes that a host material dielectric function is equal to the final effective complex dielectric function. By choosing depolarization factor value of ⅓ one can predict that one material (e.g. voids) is incorporated as small spheres within the host material [29] [30] [31] .
Morphology of the alumina films was studied by an atomic force microscope (Solver-Pro N, NT-MTD) in semi-contact mode with a scanned area of 10 mm × 10 mm or 5 mm × 5 mm.
X-ray diffraction (XRD) data were obtained with a D8-Advance diffractometer (Bruker, AXS) with Bragg-Brentano θ-θ geometry (40 kV, 40 mA) using Cu Kα radiation with secondary graphite monochromator. The diffraction angles were measured at room temperature from 5 to 65° (2θ) in 0.02° steps with a counting time of 5 s per step.
Results and discussion
Amorphous character of films was confirmed by XRD (Fig. 1 ). Films were deposited on silicon and their thicknesses were large enough for this technique (more than 100 nm).
The first objective was to study the evolution of the films' properties deposited under films thicker than ~40 nm (Fig. 2) . To conclude, effective refractive index and alumina refractive index are equal when the voids content is negligible, indicating that films became homogenous and continuous for thicknesses larger than 40 nm.
Following thermodynamic approach to determine growth modes of thin films close to equilibrium [32] , the deposited material will tend to cover the entire surface of the substrate if the adhesion energy is sufficient. In other words, the material will be able to wet the substrate, and the growth will be two-dimensional according to Frank-Van der Merwe model. Each unfinished layer tends to complete before a new layer starts to grow. This mode of growth is promoted when the binding energy between the deposited atoms is less strong than or equal to that between the thin film and the substrate. In the other case, the growth of material on substrate will be controlled by minimization of the material surface. It will wet the substrate surface partly and the growth will be three-dimensional (or Volmer-Weber growth mode), on which small nuclei are formed on the substrate. The seeds will grow to form islands which then will coalesce to give a thin continuous layer. This mode of growth is usually promoted when the atoms forming the deposited layer are more strongly bound to each other than with the substrate as is the case for the growth of metal on insulating or on contaminated substrates. Finally, one can also observe a transition from 2D to 3D growth mode according to Stransky-Krastanov.
Nevertheless, the growing PLD film is not in thermodynamic equilibrium and kinetic effects have also to be considered as the high super-saturation of the vapor leads to a large nucleation rate. The kinetics of the film growth process is generally determined by the nature of the deposited materials, the quality of the original surface of the substrate, the physical environment for film growth (i.e. deposition technique) and the experimental conditions. The kinetics processes involved in the growth of thin film from the vapor phase concern main factors as the surface diffusion, the nucleation and growth of seeds. The morphology of the surface depends on 9 the competition between these various kinetic factors. In particular, if defects such as steps are present on the substrate, the deposited atoms will be preferentially captured by them (their bonding to the substrate is stronger on defects). In stepflow growth mode, the atoms quickly reach the energetically favorable sites on the edge of the steps before they had time to interact.
Since diffusion is a thermally activated process, growth by flowstep will take place preferentially at high temperature and relatively low growth rates. When the surface diffusion of adatoms is lower, the atoms' accumulation in the steps is starting to be high and these atoms are free to interact to form two-dimensional metastable seeds. If seeds can be permanent, they will significantly alter the growth kinetics by providing energetically favorable sites for the incorporation of incident atoms. Depending on the characteristics of diffusion and bonding of atoms, the two-dimensional growth can be preserved or, conversely, the formation of threedimensional islands will occur. Finally, a statistical growth dominates when mobility of atoms on the surface is almost nil as each atom sticks where it arrives on surface. Under uniform random incident atoms flow, the uniformity of the surface decreases exponentially with the thickness of the deposited layer. To summarize, two extreme growth modes can be distinguished, that is, layer-by-layer growth and multilayer growth. In our case, to obtain a layer-by-layer growth mode for Al 2 O 3 amorphous thin film, a steady interlayer mass transport must be present. Atoms deposited on top of a growing seeds or even island should reach its edge and diffuse to allow the completion of the lower layer. To reduce the thickness of the continuous Al 2 O 3 layer presenting suitable optical properties (of ~40 nm), further PLD experiments will involve a study of substrate temperature influence to increase the mobility of the incident atoms on substrate to promote coalescence of the film, while avoiding the formation of a polycrystalline film.
The gas pressure introduced into PLD chamber during film deposition affects the kinetic energy of the ablated particles arriving at the substrate. Consequently, their kinetic energy can be 10 varied from high initial energy in vacuum to low energies resulting from thermalization at sufficiently high pressure. The pressure range can be used to modify thin film growth as the diffusivity and both the absorption and desorption probability of the energetic particles at the film surface can be modified. In this frame, the influence of the argon background atmosphere was also investigated. Two pressures of Ar, specifically 5×10 -4 and 5×10 -2 mbar were introduced into the deposition chamber. For these experiments, Ar pressure of 5×10 -2 mbar was the limit value of used set-up enabling reasonable control/stability of the deposition process. , interaction between the ablation plume and the gas creates scattering and broadening of the angular distribution of the plume and a reduction of the ablated particles density deposited on a substrate located in front of the target can be expected [28] . The pressure of 5×10 -4 mbar of Ar was probably enough low not to be strongly influenced by gas-plume interaction. For higher [33, 34] . Refractive index spectral dependences of PLD films covering UV-Vis-NIR-mid-IR range are given in Fig. 4 . It is worthy to note that the refractive index spectral dependence reported by Kischkat et al. [33] is very close to PLD films prepared under vacuum. 
Conclusions

